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We demonstrate experimentally and numerically the existence of spatial solitons in multiple- 
quantum- well semiconductor microresonators driven by an external coherent optical field. We discuss 
stability of the semiconductor-resonator solitons over a wide spectral range around the band edge. 
We demonstrate the manipulation of such solitons: switching solitons on and off by coherent as well 
as incoherent light; reducing the light power necessary to sustain and switch a soliton, by optical 
pumping. 
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I. INTRODUCTION 

Spatial resonator solitons theoretically predicted in 
can exist in a variety of nonlinear resonators, such 
as lasers (vortices), lasers with saturable absorber (bright 
solitons), parametric oscillators (phase solitons), driven 
nonlinear resonators (bright/dark solitons). Such res- 
onator solitons can be viewed as self-trapped domains of 
one field state surrounded by another state of the field. 
The two different field states can be a high and a low 
field (bright/dark solitons), positive and negative field 
(phase solitons), right-hand and left-hand polarized field 
(polarization solitons) or high and zero field (vortices). 

Bright solitons in laser resonators with saturable ab- 
sorber were initially shown to exist in [|| , which was lim- 
ited to single stationary solitons. Existence of moving 
solitons and simultaneous existence of large numbers of 
stationary solitons was shown in |^,||. Phase solitons in 
degenerate parametric wave mixing resonators were pre- 
dicted in |9) and demonstrated in [Tc| ] . Theoretically it 
was shown in |ll|] that not only 2D spatial resonator soli- 
tons exist but that also in 3D such structures can be sta- 
ble, linking the field of optical solitons with elementary 
particle physics j JT2| . Vortex solitons differ from other 
soliton types in that they possess structural stability in 
addition to dynamical stability, the only stabilizing mech- 
anism of the other solitons. The existence of vortices in 
lasers initially shown in j^J and later also the existence 
of vortex solitons Q . 

Since the resonator solitons are bistable and can be 
moved around they are suited to carry information. In- 
formation can be written in the form of a spatial soli- 
ton, somewhere, and then transported around at will; fi- 
nally being read out somewhere else; possibly in conjunc- 
tion with other solitons. In this respect the spatial res- 
onator solitons have no counterpart in any other kind of 
information-carrying elements and lend themselves there- 
fore to operations not feasible with conventional elec- 
tronic means, such as an all-optical pipeline storage reg- 
ister ("photon buffer") or even processing in the form of 
cellular automata. Experiments on the manipulation of 



bright solitons as required for such processing tasks were 
first carried out on a slow system: laser with (slow) sat- 
urable absorber. In particular it was demonstrated how 
to write and erase solitons and how to move them or 
localize them. For reviews see |l5[|l6|1 . 
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FIG. 1. Schematic of semiconductor microresonator con- 
sisting of two plane distributed Bragg reflectors (DBR) and 
multiple quantum wells (MQW). 

In order to be applicable to technical tasks it is manda- 
tory to operate in fast, miniaturized systems. For com- 
patibility and integrability with other information pro- 
cessing equipment it is desirable to use semiconductor 
systems. We chose the semiconductor microresonator 
structure (Fig. 1) as commonly used for vertical cavity 
surface emitting lasers (VCSEL) jn| consisting of multi- 
ple quantum well (MQW) structure sandwiched between 
distributed Bragg reflectors (DBR). 

The resonator length of such a structure is ~ A while 
the transverse size is typically 5 cm. Therefore such short 
length and wide area microresonator permits only one 
longitudinal mode (Fig. 2 (a)) and an enormous num- 
ber of transverse modes that allow a very large number 
of spatial solitons to coexist. The resonator is obviously 
of the plane mirror type, implying frequency degeneracy 
of all transverse modes and thus allowing arbitrary field 
patterns to be resonant inside the resonator. This is an- 
other prerequirement for existence and manipulability of 
spatial solitons. 

The resonator soliton existence is closely linked with 
the plane wave resonator bistability (Fig. 2 (b)) caused by 
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longitudinal nonlinear effects: the nonlinear changes of 
the resonator length (due to nonlinear refraction changes) 
and finesse (due to nonlinear absorption changes) [ ^8[ . 
The longitudinal nonlinear effects combined with trans- 
verse nonlinear effects (such as self-focusing) can balance 
diffraction and form resonator soliton. Generally these 
nonlinear effects can cooperate or act oppositely, with 
the consequence of reduced soliton stability in the later 
case. 
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FIG. 2. Semiconductor microresonator reflectance spec- 
trum (a) and typical bistability loop in reflection (b). Arrows 
mark the driving field that is detuned from the resonator reso- 
nance and the pump field that is tuned to be coupled into res- 
onator through one of short-wavelength interference notches 
of the resonator reflectance spectrum. 

In the present paper we demonstrate experimentally 
and numerically existence of bright and dark spatial soli- 
tons as well as extended hexagonal patterns in MQW- 
semiconductor microresonators at room temperature. 
We discuss stability of the semiconductor-resonator soli- 
tons over a wide spectral range around the band edge. We 
demonstrate the manipulation of such solitons in view of 
technical application: switching solitons on and off by 
coherent as well as incoherent light; reducing the light 
power necessary to sustain and switch a soliton, by opti- 
cal pumping. 

II. MODEL AND NUMERICAL ANALYSIS 

We consider phenomenological model of a driven 
wide area MQW-semiconductor microresonator similar 
to JT^,||^]. The optical field E inside the resonator is 
described in mean- field approximation |2l| . The driv- 
ing incident field E- in assumed to be a stationary plane 
wave. Nonlinear absorption and refractive index changes 
induced by the intracavity field in the vicinity of the 
MQW-structure band edge are assumed to be propor- 
tional to the carrier density N (normalized to the sat- 
uration carrier density). The equation of motion for N 
involves nonresonant (to avoid saturation effect) pump- 
ing P, carrier recombination and diffusion. The resulting 
coupled equations describing the spatio-temporal dynam- 
ics of E and N have the form: 



dE/dt = E in - VTE{[1 + CTm(a)(l - N)} + 
+i((9-CRe(a)7V- Vi)}, 

dN/dt = P - 7 [7V - \E\ 2 (1 — N) — d\/ 2 ± N} , (1) 

where C is the saturable absorption scaled to the 
resonator DBR transmission T (T is assumed to be 
small since the DBR reflectivity is typically > 0.995). 
Im(a)(l — N) and Ke(a)N describe the absorptive and 
refractive nonlinear it ies, respectively, is the detuning of 
the driving field from the resonator resonance, 7 is the 
photon lifetime in the resonator scaled to the carrier re- 
combination time, d is the diffusion coefficient scaled to 
the diffraction coefficient and is the transverse Lapla- 
cian. 

Linear effects in the resonator are spreading of light 
by diffraction and diffusion (terms with Vj_ in (1)). The 
material nonlinearity that can balance this linear spread- 
ing can do this in various ways. It has a real (refractive) 
and imaginary (dissipative) part and can act longitudi- 
nally and transversely. The nonlinear changes of the res- 
onator finesse (due to nonlinear absorption change) and 
length (due to nonlinear refractive index change) consti- 
tute longitudinal nonlinear effects, also known under the 
name nonlinear resonance ]2^| . The transverse effect of 
the nonlinear refractive index can be self-focusing (fa- 
vorable for bright and unfavorable for dark solitons) and 
self-defocusing (favorable for dark and unfavorable for 
bright solitons). Absorption (or gain) saturation (bleach- 
ing) leading to nonlinear gain guiding in laser parlance, 
a transverse effect. Longitudinal and transverse effects 
can work oppositely, or cooperate. 

There are two main external control parameters: the 
driving field intensity \E\ 2 and the resonator detuning 0. 
Then for driving intensities not quite sufficient for reach- 
ing the resonance condition for the whole resonator area, 
the system "chooses" to distribute the light intensity in 
the resonator in isolated spots where the intensity is then 
high/low enough to reach the resonance condition thus 
forming bright /dark patterns. Instead of saying "the sys- 
tem chooses" one would more mathematically express 
this by describing it as a modulational instability (MI). 
The detuned plane wave field without spatial structure 
with intensity insufficient to reach the resonance condi- 
tion is unstable against structured solutions. According 
to our numerical solutions of (1) a large number of such 
structured solutions coexist and are stable (see e.g. pat- 
terns in Fig. 7). 

Fig. 3 shows the existence domains (in coordinates - 
\E\ 2 ) of MI, dark spatial solitons and plane- wave bista- 
bility calculated for the case of purely dispersive (defo- 
cusing) nonlinearity. The dark soliton structure (inset in 
Fig. 3) can be interpreted as a small circular switching 
front. A switching front connects two stable states: the 
high transmission and the low transmission state. Such 
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a front can in 2D surround a domain of one state. When 
this domain is comparable in diameter to the "thickness" 
of the front, then each piece of the front interacts with 
the piece on the opposite side of the circular small do- 
main, which can lead, particularly if the system is not 
far from a modulational instability (see Fig. 3), to a sta- 
bilisation of the diameter of the small domain. In which 
case the small domain becomes an isolated self-trapped 
structure or a dissipative resonator soliton. 



large Fresnel number (> 100). 
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FIG. 3. Numerical solutions of (1) for unpumped (P = 0) 
and dispersive/defocusing (Im(a) = 0) case. Area limited 
by dashed lines is optical bist ability domain for plane waves. 
Grey shaded area is modulational instability domain. Dark 
shaded area is domain of stability for dark solitons. Inset 
is dark soliton in 3D representation. Parameters: C = 10, 
T 0.005, Re(a) = -1, d = 0.01. 



III. EXPERIMENTAL TECHNIQUE 

Fig. 4 shows the optical arrangement for the 
semiconductor-resonator soliton experiments, and in par- 
ticular for their switching on or off. The semiconduc- 
tor microresonators consisting of MQW (GaAs/AlGaAs 
or GalnAs/GaPAs) structures sandwiched between high- 
reflectivity (> 0.995) DBRs (Fig. 1) operate at room tem- 
perature. The microresonator structures were grown on 
the GaAs substrates by molecular beam epitaxy tech- 
nique that makes possible high quality MQW structures 
with small radial layer thickness variation. The best sam- 
ple tested in our experiments has only ~ 0.3 nm/mm 
variation of the resonator resonance wavelength over the 
sample cross section. 

The driving light beam was generated by either a tun- 
able (in the range 750-950 nm) Ti:Sa laser or a single- 
mode laser diode, both operating in continuous wave 
regime. For experimental convenience to limit thermal 
effects we perform the whole experiments within a few 
microseconds, by admitting the light through an acousto- 
optical modulator. The laser beam of suitable wave- 
length is focused on the microresonator surface in the 
light spot of ~ 50 fim in diameter, thus providing a quite 
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FIG. 4. Experimental setup. Laser: Ti:Sa (or diode) laser, 
AOM: acousto-optic modulator, A/2: halfwave plate, PBS: 
polarization beam spliters, EOM: electro-optical amplitude 
modulators, BE: beam expander, PZT: piezo-electric trans- 
ducer, P: polarizer, L: lenses, BS: beam splitters, PD: photo- 
diode. 

Part of laser light is split away from the driving beam 
and then superimposed with the main beam by a Mach- 
Zehnder interferometer arrangement, to serve as the ad- 
dress beam. The address beam is sharply focused and 
directed to some particular location in the illuminated. 
The switching light is opened only for a few nanoseconds 
using an electro-optic modulator. For the case of inco- 
herent switching the polarization of the address beam is 
perpendicular to that of the main beam to avoid interfer- 
ence. For the case of coherent switching the polarizations 
should be parallel and a phase control of the switching 
field is thus always needed: for switching on as well as 
switching off a soliton. One of the interferometer mir- 
rors can be moved by a piezo-electric element to control 
the phase difference between the driving light and the 
address light. 

Optical pumping of the MQW-structures was done by 
a multi-mode laser diode or a single- mode Ti:Sa laser. To 
couple the pump light into the microresonator the laser 
wavelength was tuned into the high transmission spec- 
tral window of the microresonator reflectance spectrum 
as shown in Fig. 2 (a). 

The observation is done in reflection by a CCD cam- 
era combined with a fast shutter (another electro-optic 
modulator), which permits to take nanosecond snapshots 
at a given time of the illuminated area on the resonator 
sample. Recording movies on this nanosecond time scale 
is also possible. To follow intensity in time in certain 
points (e.g. at the location of a soliton) a fast photo- 
diode can be imaged onto arbitrary locations within the 
illuminated area. 
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IV. EXPERIMENTAL RESULTS AND 
DISCUSSIONS 

To find the most stable resonator solitons for ap- 
plications one can play with the nonlinear (absorp- 
tive/dispersive) response by choice of the driving field 
wavelength, with the resonator detuning, and finally 
with the carrier population inversion by the pumping. 
We recall that all nonlinearities change their sign at 
transparency i.e. at the point where in the valence- 
and the conduction band populations are equal. Going 
from below transparency (absorption) to above trans- 
parency (population inversion, producing light amplifi- 
cation), nonlinear absorption changes to nonlinear gain, 
self-focusing changes to self-defocusing and vice versa, 
and decrease of resonator length with intensity changes 
to increase (and vice versa). The population of the bands 
can be controlled by pumping (P in (1)) i.e. transferring 
electrons from the valence band to the conduction band. 
This can be done by optical excitation Q , with radiation 
of wavelength shorter than the band edge wavelength or 
- if the structure is suited to support electrical currents 
(i.e. if it is a real VCSEL-structure) - by electrical exci- 
tation. 

A. Below bandgap hexagons and dark solitons 



patterns can be switched independently by the addressed 
focused optical (incoherent) pulses j24|. Fig. 6 shows the 
experimental results. Fig. 6 (a) shows the hexagonal pat- 
tern formed. The focused light pulse can be aimed at in- 
dividual bright spots such as the ones marked " 1" or "2" . 
Fig. 6 (b) shows that after the switching pulse aimed at 
"1" spot "1" is off. Fig. 6 (c) shows the same for spot 
"2". We remark that in these experiments we speak of 
true logic switching: the spots remain switched off after 
the switching pulse (if the energy of the pulse is sufficient, 
otherwise the bright spot reappears after the switching 
pulse). These observations of local switching indicate 
that these hexagonal patterns are not coherent pattern: 
the individual spots are rather independent, even at this 
dense packing where the spot distance is about the spot 
size. 




FIG. 6. Switching-off of individual spots of incoherent 
hexagonal structure with addressed pulses located at different 
places (marked 1 and 2) of the pattern. 



Working well bellow the bandgap when the driving 
field wavelength is ~ 30 nm longer than the band edge 
wavelength we observed spontaneous formation of hexag- 
onal patterns (Fig. 5). The hexagon period scales lin- 
early with # -1 / 2 |24|] indicating that they are formed by 
the tilted-wave mechanism [^5| that is the basic mech- 
anism for resonator hexagon formation ]26| ]. Dark-spot 
hexagon (Fig. 5 (a)) converts in to bright-spot hexagon 
(Fig. 5 (b)) when the driving intensity increases. Exper- 
iment shows that individual spots of these patterns can 
not be switched on/off independently from other spots as 
it is expected for strongly correlated spot structure (or 
coherent hexagons). 
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FIG. 5. (a) Bright (dark in reflection) and (b) dark (bright 
in reflection) hexagonal patterns for the dispersive/defocusing 
case. Driving light intensity incrieses from (a) to (b). 

However when we further increased the driving inten- 
sity we found that the bright spots in such hexagonal 



These experimental findings can be understood in the 
frame of the model (1) ^7j. Fig. 7 shows the bistable 
plane wave characteristic of the semiconductor resonator 
for conditions roughly corresponding to the experimental 
conditions. At the intensities marked (a) to (d) patterned 
solutions exist. 
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FIG. 7. Numerical solution of (1) for intracavity light in- 
tensity as function of incident intensity: homogeneous solu- 
tion (dashed line marks modulationaly unstable part of the 
curve) and patterns (a-d). Shaded area marks existence range 
for dark-spot hexagons. Parameters: C = 10, T = 0.005, 
Im(a) 0.1, Re(a) = -1,0= -10.3, d 0.01. 
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The pattern period in Fig. 7 (a) corresponds precisely 
to the detuning in the following way. When the driving 
field is detuned, the resonance condition of the resonator 
cannot be fulfilled by plane waves travelling exactly per- 
pendicularly to the mirror plane. However, the resonance 
condition can be fulfilled if the wave plane is somewhat 
inclined with respect to the mirror plane (the tilted wave 
solution p5p). The nonlinear system chooses therefore to 
support resonant, tilted waves. Fig. 7 (a) is precisely the 
superposition of 6 tilted waves that support each other 
by (nonlinear) 4- wave- mixing. The pattern period cor- 
responds to the resonator detuning as in the experiment 
for structures Fig. 5 (a). Thus the pattern formation 
in Fig. 7 (a) is mostly a linear process. In this pattern 
the bright spots are not independent. Individual spots 
cannot be switched as in the experiment Fig. 5. 

On the high intensity pattern Fig. 7 (d) the pattern pe- 
riod is remarkably different from Fig. 7 (a) even though 
the detuning is the same. This is indication that the in- 
ternal detuning is smaller and means that the resonator 
length is nonlinearly changed by the intensity-dependent 
refractive index (the nonlinear resonance). From the ra- 
tio of the pattern periods of Fig. 7 (a) and (d) one sees 
that the nonlinear change of detuning is about half of 
the external detuning. That means the nonlinear detun- 
ing is by no means a small effect. This in turn indicates 
that by spatial variation of the resonator field intensity 
the detuning can vary substantially in the resonator cross 
section. In other words, the resonator has at the higher 
intensity a rather wide freedom to (self-consistently) ar- 
range its field structure. One can expect that this would 
allow a large number of possible stable patterns between 
which the system can choose. 



packed) individual dark solitons. The increase of inten- 
sity from (a) to (d) allows the transition from the ex- 
tended patterns to the localized structures by the in- 
creased nonlinearity, which gives the system an addi- 
tional internal degree of freedom. We note that the tran- 
sition from the coherent low intensity pattern to the inco- 
herent higher intensity structure proceeds through stripe- 
patterns as shown in Fig. 7 (b) [27| ]. For the intensity of 
Fig. 7 (c) the individual spots are still not independent 
as in the experiment Fig. 5 (b). 



B. Near bandgap bright and dark solitons 

Working at wavelengths close to the band edge we 
found both bright and dark solitons, as well as collec- 
tions of several of the bright and dark solitons, several 
solitons existing at the same time (Figs 9, 10). Fig. 10 
demonstrates that shape and size of bright spots are in- 
dependent on the shape and intensity of the driving beam 
that is a distinctive feature of spatial solitons. 
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FIG. 8. Stable hexagonal arrangements of dark patial soli- 
tons: (a) without defects, (b) with single-soliton defect, (c) 
with triple-soliton defect. 

Fig. 8 shows that the high intensity conditions of 
Fig. 7 (d) allow reproducing the experimental findings on 
switching individual bright spots. Fig. 8 (a) is the regu- 
lar hexagonal pattern, Fig. 8 (b) shows one bright spot 
switched off as a stable solution and Fig. 8 (c) shows a 
triple of bright spots switched off as a stable solution, 
just as observed in the experiments j27| . 

Thus while Fig. 7 (a) is a completely coherent space 
filling pattern, Fig. 7 (d) is really a cluster of (densest 



FIG. 9. Solitons in the semiconductor microresonator: (a) 
switched area without solitons (for completeness); (b) dark 
soliton in switched area; (c) bright soliton on unswitched 
background; (d) 2 bright solitons; (e), (f) 2,3 dark solitons. 




FIG. 10. Switched domain (a) and dark solitons (b)-(d) in 
an illuminating area of elliptical shape. 

Nonlinearity of the MQW structure near the band edge 
is predominantly absorptive. Therefore in the first ap- 
proximation we can neglect the refractive part of the com- 
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plex nonlinearity in the model equations (1) and describe 
the nonlinear structure as a saturable absorber. Numer- 
ical simulations for this case (Fig. 11) confirm existence 
of both bright and dark resonator solitons as they are ob- 
served in the experiment (Figs 9, 10). We can contrast 
these resonator spatial solitons with the propagating (in 
a bulk nonlinear material) spatial solitons: the latter can 
not be supported by a saturable absorber. 
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FIG. 11. Numerical solutions of (1) for unpumped (P = 0) 
and absorptive (Re (a) = 0) case. Area limited by dashed 
lines is optical bistability domain for plane waves. Shaded 
areas are domains of existence of bright (grey area) and dark 
(black area) solitons. Insets are bright (left) and dark (right) 
soliton. Parameters: C = 20, T = 0.005, Im(a) = 1, d = 0.01. 

Fig. 12 (c) and (d) show details of the spontaneous 
formation of the bright soliton (as in Fig. 9 (c)). As 
discussed in (2^] temperature effects lead in this case to 
a slow formation of solitons, associated with the shift 
of the band edge by temperature Fig. 12 (c) gives 
the incident and reflected intensity at the location of the 
bright soliton and Fig. 12 (d) gives the reflectivity on a 
diameter of the illuminated area. At 1.3 /is (arrow) the 
resonator switches to high transmission (low reflection). 
The switched area then contracts relatively slowly to the 
stable structure Fig. 12 (d), which is existing after t « 
3.0 /xs. 

After the resonator switches to low reflection its in- 
ternal field and with it the dissipation is high. A ris- 
ing temperature decreases the band gap energy [^9| and 
therefore shifts the bistable resonator characteristic to- 
wards higher intensity. Thus the basin of attraction for 
solitons which is located near the plane wave switch-off 
intensity (see locations of the existence domains for the 
bright solitons and the plane wave bistability in Fig. 11) 
is shifted to the incident intensity, whereupon a soliton 
can form. Evidently for different parameters the shift 
can be substantially larger or smaller than the width of 
bistability loop, in which case no stable soliton can ap- 
pear. We note that in absence of thermal effects (good 
heat-sinking of sample) solitons would not appear sponta- 
neously but would have to be switched on by local pulsed 
light injection. 
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FIG. 12. Comparison of bright soliton formation above 
bandgap (left) and below bandgap (right). Reflectivity on 
a diameter of the illuminated area as a function of time (b), 
(d). Intensity of incident (dotted) and reflected (solid) light, 
at the center of the soliton as a function of time (a), (c). 
Arrows mark the switch-on and -off. 

Fig. 13 (a) shows the incoherent switch-on of bright 
soliton, where the perpendicularly polarized switching 
pulse (~ 10 ns) is applied at t = 4 /xs. As apparent, a 
soliton forms after this incoherent light pulse. The slow 
formation of the soliton is apparent in Fig. 13 (a) (using 
roughly the time from t = 4 to t = 4.5 /xs). 

It should be emphasized that this thermal effect is not 
instrumental for switching a soliton on. However, it al- 
lows switching a soliton off incoherently |3(]]. This is 
shown in Fig. 13 (b) where the driving light is initially 
raised to a level at which a soliton forms spontaneously 
(note again the slow soliton formation due to the thermal 
effect). The incoherent switching pulse is then applied 
which leads to disappearance of the soliton. 
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FIG. 13. Recording of incoherent switching-on (a) and 
switching-off (b) of a soliton. Snapshot pictures show 
unswitched state (left), circular switched domain (center), 
and a soliton (right). Dotted trace: incident intensity. 
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The soliton can thus be switched on and also off by 
an incoherent pulse. The reason for the latter is ther- 
mal. Initially the material is "cold". A switching pulse 
leads then to the creation of a soliton. Dissipation in the 
material raises the temperature and the soliton is slowly 
formed. At the raised temperature the band edge (and 
with it the bistability characteristic) and the existence 
range of solitons is shifted so that a new pulse brings the 
system out of the range of existence of solitons. Conse- 
quently the soliton is switched off. 

Thus switching on a soliton is possible incoherently 
with the "cold" material and switching off with the 
"heated" material. When the driving intensity is chosen 
to be slightly below the spontaneous switching threshold 
the nonlinear resonator is cold. An incoherent pulse in- 
creases illumination locally and can switch the soliton on 
that causes local heating of the resonator. Another inco- 
herent pulse aimed into the heated area can then switch 
the soliton off and thereby cool the resonator to its initial 
state, so that the soliton could be switched on/off again. 



C. Above bandgap bright solitons 

At excitation above bandgap bright solitons form anal- 
ogously to the below/near bandgap case (3l|. Fig. 14 
shows the bright solitons as observed in the reflected 
light with their characteristic concentric rings with the 
same appearance as the bright solitons below band gap 
(Fig. 9 (c)). 




FIG. 14. Bright soliton above bandgap in 3D representa- 
tion: view from above (a), from below (b). 

Fig. 12 compares the dynamics of the bright soliton 
formation for excitation above bandgap (left) and below 
bandgap (right). Difference between these two cases can 
be understood from the model. From (1) we obtain the 
reflected intensity as a function of incident intensity for 
wavelengths above (Re(a) > 0), as well as below the 
bandgap (Re(a) < 0), for plane waves (Fig. 15). One 
sees that the bistability range is large below and small 
above the bandgap. Solving (1) numerically the typical 
bright soliton (top of Fig. 15) is found coexisting with 
homogeneous intensity solutions in the shaded regions of 
Fig. 15 (a), (b). 

After switching on the resonator below band gap 
(Fig. 15 (b)), the intensity in the resonator is high and 
with it the thermal dissipation. The temperature con- 



sequently rises, which shifts the band gap [g9[ and with 
it the bistability characteristic, so that the switch-off in- 
tensity, close to which the stable solitons exist, becomes 
close to the incident intensity. Then the resonator is in 
the basin of attraction for the solitons and the soliton 
forms as observed in Fig. 12 (c), (d). 
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FIG. 15. Steady- state plane wave solution of (1) above 
bandgap (a): Re(a) = 0.05; and below band gap (b): 
Re(a) = -0.05. Other parameters: C = 30, Im(a) = 0.99, 
9 — —3, P — 0, d — 0.1. The soliton solution shown ex- 
ists for incident intensities corresponding to the shaded ar- 
eas, in coexistence with homogeneous solutions. For a tem- 
perature increase the characteristics together with soliton ex- 
istence ranges shift to higher incident intensities. Reflected 
and incident intensities normalized to the same value. 
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FIG. 16. Bistability characteristics (reflected light intensity 
versus incident light intensity) measured at the center of an 
illuminated area of 100 fim diameter, for above band gap (a) 
and below band gap (b) excitation. 

Above the band gap Fig. 12 (a), (b) show that the 
soliton is switched on "immediately" without the slow 
thermal process. Fig. 15 (a) shows why. The plane wave 
characteristic of the resonator above band gap is either 
bistable but very narrow, or even monostable (due to 
the contribution of the self-focusing reactive nonlinearity 
p2|) but still with bistability between the soliton state 
(not plane wave) and the unswitched state. In this case 
the electronic switching leads directly into the basis of 
attraction for solitons and the switch-on of the soliton is 
purely electronic and fast. The width of the bistability 
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characteristics observed experimentally (Fig. 16) scale in 
agreement with Fig. 15. 

Nonetheless, also above bandgap there is strong dissi- 
pation after the switch-on. The associated temperature 
rise influences and can even destabilize the soliton. The 
effect can be seen in Fig. 12 (a). Over a time of a few /is 
after the soliton switch-on the soliton weakens (reflectiv- 
ity increases slowly) presumably by the rise of tempera- 
ture and the associated shift of the band gap. At 6.5 /is 
the soliton switches off although the illumination has not 
yet dropped. 

Thus, while the dissipation does not hinder the fast 
switch-on of the soliton, it finally destabilizes the soliton. 
After the soliton is switched off, the material cools and 
the band gap shifts back so that the soliton could switch 
on again. 



1.0 



0.5 



J (a) 








i \ 
time (JLls) * 


2 





1 /* . 


. i 


* (b) 

t v_ 



time (JLls) 



FIG. 17. Recording of coherent switching-on (a) and 
switching-off (b) of a bright soliton. Heavy arrows mark the 
application of switching pulses. Dotted traces: incident inten- 
sity. The insets show intensity snapshots, namely unswitched 
state (left) and soliton (right). 

Fig. 17 shows the soliton coherent switching observa- 
tions Fig. 17 (a) shows switching a soliton on. The 
driving light intensity is chosen slightly below the sponta- 
neous switching threshold. At t « 1.2 [is the addressing 
pulse is applied. It is in phase with the driving light, 
as visible from the constructive interference. A bright 
soliton results, showing up in the intensity time trace as 
a strong reduction of the reflected intensity. Fig. 17 (b) 
shows switching a soliton off. The driving light is in- 
creased to a level where a soliton is formed spontaneously. 
The addressing pulse is then applied in counterphase to 
the driving light, as visible from the destructive inter- 
ference. The soliton then disappears, showing up in the 



intensity time trace as reversion of the reflected intensity 
to the incident intensity value. The Fig. 17 insets show 
2D snapshots before and after the switching pulses for 
clarity. 



D. Optical pumping 

The thermal effects discussed above result from the lo- 
cal heating caused by the high intracavity intensity at the 
bright soliton location. They limit the switching speed of 
solitons and they will also limit the speed at which soli- 
tons could be moved around, limiting applications. The 
picture is that a soliton carries with it a temperature 
profile, so that the temperature becomes a dynamic and 
spatial variable influencing the soliton stability. 

As opposed, a spatially uniform heating will not cause 
such problems, as it shifts parameters but does not con- 
stitute a variable in the system. The largely unwanted 
heating effects are directly proportional to the light in- 
tensity sustaining a soliton. For this reason and quite 
generally it is desirable to reduce the light intensities re- 
quired for sustaining solitons. 

Conceptually this can be expected if part of the power 
sustaining a resonator soliton could be provided inco- 
herently to the driving field, e.g. by means of optical 
pumping. Optical pumping of MQW structure gener- 
ates carriers and allows converting from absorption to 
gain. In the last case the semiconductor microresonator 
operates as VCSEL ]l7[ . To couple pump light into the 
microresonator the pump laser was tuned in one of short- 
wavelength transparency windows in the reflection spec- 
trum of the microresonator as shown in Fig. 2 (a). 

When the pumping was below the transparency point 
and the driving laser wavelength was set near the semi- 
conductor MQW structure band edge the bright and dark 
solitons formed (Fig. 18 (a), (b)) |3J] similar to the un- 
pumped case Figs 9, 10. 




FIG. 18. Intensity snapshots of structures observed in re- 
flection from pumped (below transparency) semiconductor 
microresonator illuminated near resonance showing bright (a) 
and dark (b) soliton. The illuminating beam from the laser 
diode has an elliptical shape (c). 

Analysis of (1) shows that increase of the pump inten- 
sity leads to shrinking of the resonator solitons' existence 
domain and shifting towards low intensity of the light 
sustaining the solitons. Such reduction of the sustaining 
light intensity was observed experimentally in [^3| . That 
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is why soliton switchings in the pumped case are fast 
[p3[ and not mediated by thermal effects as for soliton 
formation without pumping (Fig. 12 (c), Fig. 13). 

When the pump intensity approaches the transparency 
point of the semiconductor material, the resonator soli- 
tons' domain of existence disappears. It reappears above 
the transparency point. In the experiment we have 
quite strong contribution of the imaginary part (ab- 
sorption/gain) of the complex nonlinearity at the work- 
ing wavelength (near band edge). Therefore the trans- 
parency point is very close to the lasing threshold so that 
inversion without lasing is difficult to realize. 




(a) (b) (c) 



FIG. 19. Intensity snapshots of typical beam structures at 
optical pump intensities slightly above lasing threshold (pump 
increases from (a) to (c)). 

Slightly above threshold we observe in presence of illu- 
mination structures (Fig. 19) reminiscent of the solitons 
in electrically pumped resonators j35| . We note that op- 
tical as opposed to electrical pumping allows more ho- 
mogeneous pumping conditions (3(|. This suggests that 
optically pumped resonators lend themselves more read- 
ily for localization and motion control of solitons then 
electrically pumped ones. 
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FIG. 20. Results of numerical simulations of below 
bandgap (purely dispersive) solitons using the model (1) 
for pumped above the transparency point microresonator 
(P = 2). Inset is bright soliton. Shaded area is domain of 
existence of resonator bright solitons. Area limited by dashed 
lines is optical bist ability domain for plane waves. Other pa- 
rameters same as in Fig. 3. 

There is difference between below bandgap resonator 
solitons in pumped and unpumped cases. The nonlinear 



resonance mechanism of soliton formation |22[] requires a 
defocusing nonlinearity below transparency (Fig. 3) and 
a focusing nonlinearity above transparency. Transverse 
nonlinear self-focusing effect is generally furthering soli- 
ton formation. Fig. 20 shows typical examples of calcu- 
lated resonator solitons for pumped semiconductor mi- 
croresonator. Bright solitons have a large existence range 
in the pumped case (Fig. 20), dark solitons exist, though 
with smaller range of stability, in the unpumped case 
(Fig. 3). 

Thus optically pumped semiconductor resonators are 
well suited for sustaining solitons below bandgap: (i) 
background light intensity necessary to sustain and 
switch resonator solitons is substantially reduced by the 
pumping and therefore destabilizing thermal effects are 
minimized, (ii) above the transparency point only the 
dispersive part of semiconductor nonlinearity stabilizes 
a soliton, therefore the domain of existence of below 
bandgap (purely dispersive) bright solitons can be quite 
large. 

V. CONCLUSION 

In conclusion, we have shown experimentally and nu- 
merically existence of spatial solitons in driven semicon- 
ductor microresonators over a wide spectral range around 
the bandgap: below bandgap hexagons and dark solitons, 
near bandgap bright and dark solitons, above bandgap 
bright solitons, optically pumped below bandgap bright 
solitons. We have demonstrated the manipulation of such 
solitons: switching them on and off by coherent as well 
as incoherent light; reducing the light power necessary to 
sustain and switch a soliton, by optical pumping. 
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